Oriented Attachment of ZnO Nanocrystals by Hapiuk, Dimitri et al.
 1 
Oriented Attachment of ZnO Nanocrystals 
Dimitri Hapiuk
1
, B. Masenelli
2,*
, Karine Masenelli-Varlot
3
, Dimitri Tainoff
1,
 
†
 , Olivier Boisron
1
, Clément 
Albin
1
, Patrice Mélinon
1 
1
Université de Lyon, Lyon, F-69000, France and ILM, CNRS, UMR5306, Université Lyon 1, Villeurbanne, F-
69622, France 
2
Université de Lyon, F-69000 Lyon, France and INL, CNRS, UMR 5270, INSA Lyon, F-69621 Villeurbanne, 
France 
3
Université de Lyon, F-69000 Lyon, France and MATEIS, CNRS, UMR 5510, INSA Lyon, F-69621 
Villeurbanne, France 
 
Abstract:  
Self-organization of nanoparticles is a major issue to synthesize mesoscopic structures. Among 
the possible mechanisms leading to self-organization, the oriented attachment is efficient yet not 
completely understood. We investigate here the oriented attachment process of ZnO nanocrystals 
preformed in the gas phase. During the deposition in high vacuum, about 60% of the particles, 
which are uncapped, form larger crystals through oriented attachment. In the present conditions 
of deposition no selective direction for the oriented attachment is noticed. To probe the driving 
force of the oriented attachment, and more specifically the possible influence of the dipolar 
interaction between particles, we have deposited the same nanocrystals in the presence of a 
constant electric field. The expected effect was to enhance the fraction of domains resulting from 
the oriented attachment due to the increased interaction of the particle dipoles with the electric 
field. The multiscale analytical and statistical analysis (TEM coupled to XRD) shows no 
significant influence of the electric field on the organization of the particles. We therefore 
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conclude that the dipolar interaction between nanocrystals is not the prominent driving force in 
the process. Consequently, we argue, in accordance with recent theoretical and experimental 
investigations, that the surface reduction, possibly driven by Coulombic interaction, may be the 
major mechanism for the oriented attachment process. 
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1. Introduction 
The ability to synthesize mesostructures from nanoparticles as primary building blocks is a key 
issue of both fundamental and technological interests. One of the most prominent mechanisms 
involved in bottom-up strategies is the oriented attachment (OA) process.[1] It is a generic 
mechanism mainly observed in iono-covalent materials[2] such as TiO2,[3,4] ZnO,[5,6,7,8] ZnS,[9,10] 
PbS,[11] PbSe,[12,13] α-Fe2O3[14], Sb2S3[15] and YAG[16] but also in some metals[17] and even in 
natural[18] and biomineral systems.[19] Recent works have demonstrated the ability to synthesize 
large structures in a rather controlled way[20] such as mesoporous ellipsoids[8,21] and numerous 
nanorods or nanowires.[5,6,7,22] 
However, the main driving force underlying the OA mechanism is still under debate. Two main 
hypotheses have been evoked. The first one is the interaction of dipoles carried by the 
nanoparticles. This is consistent with the fact that OA is mainly observed in iono-covalent 
materials even though it has also been reported for metallic particles.[17,23] The second main 
hypothesis is simply the reduction of the large surface energy of nanoparticles. Whereas direct 
measurements of particle dipoles of different origins have been made[24,25] and even harvested to 
self-organize nanoparticles,[26] no direct evidence of the role of the particle dipole in the OA 
process has been demonstrated. On the contrary, recent measurements[12] and first principle 
calculations on PbSe nanoparticles[13] go to show that the prominent role in the OA is played by 
the surface reduction. 
In this work we investigate the mechanisms at stake in the OA. In order to probe the influence of 
the dipolar interaction between particles, we deposited iono-covalent nanocrystals in the presence 
or absence of an electric field (parallel or perpendicular to the substrate) and compare the 
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formation of large crystalline domains resulting from the OA in both cases. Our strategy relies on 
a multiscale analysis by combining X-Ray Diffraction (XRD) to get crystalline information at the 
macroscopic scale and transmission electron microscopy (TEM) for local composition, 
crystallographic phase and orientation relations. If the dipolar interaction between particles is the 
prominent mechanism in the OA, the application of the external field during the deposition 
should enhance the mutual orientation of the particles and consequently their attachment. In order 
to maximize the hypothetical interaction of the external field with the particles, we have focused 
on ZnO nanoparticles. Beside its obvious major technological interest for opto-electronics,[27] 
photo-catalysis,[28] photovoltaics,[29] ZnO has the advantage of having a permanent electric dipole 
moment 11.4 times and 5.21 times larger than those of CdSe and CdS respectively[24,26] and 
should thus be highly sensitive to the influence of an electric field. 
 
2. Methods 
ZnO nanocrystals have been preformed in the gas phase by the LECBD technique (low energy 
cluster beam deposition) and subsequently deposited in a controlled environment (high vacuum). 
This procedure allows us to work with ligand-free stoichiometric nanocristals.[30] The synthesis 
technique used here has been detailed in previous work.[31] Briefly, a ZnO target made from a 
sintered powder (99.99% pure) is ablated by a pulse YAG:Nd laser (10 Hz repetition rate, 10 ns 
pulse duration). The ablation creates a plasma of Zn and O species which is first cooled by the 
continuous injection of a buffer gas at 20 mbar (see supporting information). The buffer gas is a 
mixture of 75% He and 25% O2 to ensure the resulting clusters are stoichiometric.[30] While 
cooling the plasma, the buffer gas induces the formation of nucleation embryos (dimers and 
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trimers). The plasma subsequently undergoes a supersonic adiabatic expansion while moving 
from the nucleation chamber at 20 mbar to the high vacuum deposition chamber at 10-7 mbar 
through a micrometric nozzle. During the expansion, the formation of clusters is achieved by 
accretion of embryos and atoms. The preformed clusters are then deposited on any given 
substrate without destruction since their kinetic energy per atom is several orders of magnitude 
lower than the binding energy per atom inside the clusters. Indeed, the velocity of the clusters is 
estimated to be about 500 m/s, corresponding to a kinetic energy per Zn or O atom of the order of 
50 meV, which has to be compared to the covalent binding energy amounting to a few eV. Let us 
emphasize that up to now this technique performed to synthesize clusters of metallic and covalent 
materials has always led to nanostructured films in which the individual preformed clusters retain 
their integrity.[31] This behavior is referred to as the “memory effect”.  
For deposition in a static electric field parallel to the substrate, we have applied during deposition 
a 5 kV bias between two metallic electrodes (1 mm height) separated by 1 mm, creating thus a 
5MV/m electric field, placed 0.8 mm above the substrate (TEM holey carbon grids with a thin 
film of amorphous carbon from Ted Pella inc.) and separated from it by an insulating spacer. For 
application of a field perpendicular to the substrate, the same set up has been used but with both 
electrodes connected to the 5 kV high voltage and the sample holder to the ground. Figure 1 
shows both experimental set up configurations as well as the corresponding electric field maps. 
One can see a major difference between the two configurations: because of the conductive nature 
of the TEM grid, no planar electric field can exist at the sample surface. Therefore, the planar 
field is only operative in orienting the nanoparticle dipoles above the surface. On the contrary, 
when the electric field is applied perpendicularly to the substrate, its magnitude is maximal at the 
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sample surface. Its effect is maximal and all the more efficient as the field is present all through 
the deposition. 
The TEM analysis has been performed using a JEOL 2010F microscope equipped with a field 
emission gun operating at 200 keV. High resolution images were acquired with a Gatan CCD 
Orius camera and analyzed using Digital Micrograph software. Energy Dispersive Spectroscopy 
(EDS) spectra were collected with an Oxford Instruments INCA system. Size distribution was 
determined by acquiring bright field images of large zones of the sample, at random. The 
nanoparticle diameters were then measured on the images after segmentation on the grey level. 
To define the size and area of the crystalline domains in high resolution TEM images (HRTEM), 
we have considered that two particles in contact with identical reticular planes presenting an 
orientation mismatch of less than 5° were oriented and attached. The XRD analysis has been 
carried out on a Brucker D8 apparatus in the Bragg-Brentano configuration, using the Cu kα 
radiation. 
 
3. Evidence of oriented attachment  
Figure 2 (top) presents a TEM image of individual nanoparticles. The corresponding size 
distribution is a log-normal law peaked at 6 nm in diameter, typical of our accretion growth 
process. High resolution TEM images (right panels of figure 2) show that the clusters are 
crystallized in the wurtzite structure and in situ XPS analyses published[30] revealed that thin 
films resulting from the deposition of these particles were stoichiometric. Furthermore, energy 
dispersive spectroscopy (EDS) has shown that there is no significant composition fluctuation 
from one individual particle to another (see supporting information).  
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The wurtzite structure is further confirmed by XRD analysis on the cluster assembled films. 
However, as can be seen on Figure 3, the diffractogram contains two distinct contributions, a low 
magnitude one characterized by broad peaks and a high magnitude one made of sharp reflections 
corresponding to (10-10), (0002) and (10-11) diffracting planes. The weak contribution 
corresponds to clusters with a mean size of 6 ± 1 nm as deduced from the full-width at half-
maximum (FWHM) using Debye-Scherrer’s equation and assuming crystalline domains without 
defects. This mean size is in full agreement with the mode of the lognormal distribution 
determined from TEM micrographs. The same procedure applied to the intense sharp peaks gives 
a mean size of approximately 20 nm for the corresponding diffracting crystalline domains. 
Consequently, some clusters (64 ± 4% according to the ratio of the area of the sharp reflection 
peaks with the total area of the XRD signal) among the film have attached to form larger crystals 
and others have not. To confirm further this observation, we have co-deposited the same amount 
of clusters in a MgO matrix (generated by electron gun evaporation) to prevent the attachment. 
The deposition rates were chosen so that the individual ZnO clusters are separated by several tens 
of nanometers. The corresponding XRD diffractogram (cf. figure 3) is identical to the low 
magnitude contribution of the previous sample. Besides, the TEM analysis of this sample gives a 
log-normal law for the size dispersion (cf. figure 2 bottom left) with a mean diameter of 4.5 nm, 
in fair accordance with the value obtained for the isolated clusters considering that the contrast 
between the ZnO particles and the MgO matrix is rather poor. We thus conclude that some 
clusters among the ensemble interact to form larger particles and that this interaction occurs 
during the deposition (film formation) and not in the gas phase. 
To get more insight into the formation of the larger particles we have analyzed by HRTEM 
thicker deposits in which the incident nanoparticles are no longer isolated. Figure 4 presents 
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some selected micrographs. On these images the oriented attachment is clearly observed. In 
particular, in Figure 4 b) two distinct particles have attached perpendicularly to the [0001] axis 
and the resulting structure presents a bottleneck at the attachment location. A small mismatch of 
their respective lattices can be distinguished as well. In some cases the oriented attachment is not 
as perfect and leads to the formation of twin boundaries (cf. fig. 4f). This phenomenon has 
already been reported as a generation mechanism of crystalline defects (stacking faults, 
dislocations)[3]. The presence of large crystalline domains, consisting of several initial clusters, is 
clearly visible as the deposited amount of matter increases (see fig. 4a). Several examples are also 
given in fig. 5 and in the supporting information. 
Contrary to few previous studies[5] and to recent numerical simulations[32], the OA in our case 
does not occur along specific directions. This absence of texture is clearly evidenced on the XRD 
diffractograms (cf. figure 3) where the sharp reflection peaks, corresponding to the large 
diffracting domains, present intensity ratios close to those of a powder. This is further evidenced 
by HRTEM in figure 5 and in the supporting information, where no specific orientation of the 
attachment axes is observed. For instance, in fig. 5b and c, we can distinguish two domains with 
their (10-10) planes in the Bragg diffraction orientation. However, the domain of fig. 5b is 
extended along these planes, suggesting an oriented attachment of other planes, whereas the 
domain of fig. 5c is extended along the (10-10) direction and thus seems to result from an OA of 
the (10-10) planes.  
 
4. Possible origin of the oriented attachment: influence of the dipolar interaction 
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At this point, it is established that ZnO clusters, preformed in the gas phase, tend to gather 
through the OA mechanism during the deposition without any preferential attachment planes. 
Since the particles are passivated neither by capping ligands nor by air moisture (because of the 
deposition in high vacuum) we can rule out any chemical affinity between some capping shells or 
the surrounding medium. As evoked previously we are left mainly with two major hypotheses to 
explain the driving force of the OA mechanism. The first one is an interaction of dipolar origin 
and the second one is of chemical origin, namely the annihilation of facets.  
The nanoparticle dipole can have three distinct causes. First, it can originate from the crystal 
lattice. This is the case of wurtzite structures with a non-ideal lattice parameter u/a ratio. The 
consequence is the existence of a cell dipole that scales as the volume of the nanoparticle, as 
reported for CdSe.[24,26] The second possible cause is the presence of polar facets. Polar facets can 
be obtained either naturally from the ionic crystal, such as {111} planes in the rocksalt structure 
or {0001} planes in the wurtzite structure or from non-polar facets missing one or few ions. The 
last possible origin of a dipole is the anisotropic shape of a neutral nanoparticle.[25] In all those 
cases, the dipole scales as the diameter of the particle. However, only dipoles originating from 
the cell or the {0001} facets, and consequently oriented along the c axis, can lead to oriented 
attachment since they are linked to the crystal network. The other dipoles are stochastically 
oriented with respect to the crystal network and are thus not expected to induce specific mutual 
orientation between particles. Hence they cannot lead to oriented attachment. 
To check the possible influence of dipolar interactions, we have deposited the same nanoparticles 
in the presence of a static electric field, either parallel or perpendicular to the sample surface and 
compared their assembly to that of the previous nanoparticles deposited without any electric 
field. The value of the electric field E was set to 5 MV/m and 6.25 MV/m in the parallel and 
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perpendicular geometries respectively so as to achieve an interaction between any dipole carried 
by the particles and the electric field larger than the thermal activation energy at room 
temperature. Indeed for a 6 nm diameter ZnO particle, the cell piezoelectric dipole D, which is 
proportional to the particle volume, amounts to 1700 Debye considering a piezoelectric 
spontaneous polarization[33,34] of 0.057 C/m2 . The corresponding energy of interaction with the 
electric field is D.E, amounting to 0.16 eV (parallel geometry) or 0.2 eV (perpendicular 
geometry), a value much larger kBT at 300K (26 meV). On the other hand, the surface dipole S 
resulting from elementary charges located at opposite sites along the particle diameter would 
amount for the same particle to 283 Debye yielding an interaction energy of 30 meV (parallel 
geometry) or 37.5 meV (perpendicular geometry), a value slightly larger than kBT at room 
temperature. Therefore, if some dipoles of any origin are present among the particles, the 
application of the electric field should modify their mutual orientation and consequently their 
attachment probability. However, upon landing of the particles on the carbon film, the release of 
the kinetic energy may perturb the orientation presumably induced by the electric field. 
We have plotted in figure 6 the fraction of diffracting particles, either individual or attached, for 
which we can observe a given {hkl} reticular plane family in diffraction condition. For the {10-
11}, {10-10}, {10-12} and {10-13} plane families, the changes observed whether the electric 
field is applied perpendicularly or parallel to the sample surface are statistically significant 
(statistical analysis performed on more than 200 crystalline domains for each plan family, see 
supporting information for the details of the statistical analysis). Consequently, we can assert that 
the orientation of the field has an effect on the particle final orientation. Moreover, the variations 
are consistent with the expected ones. Indeed, when the electric field is perpendicular to the 
sample, since, as stated previously, the dipole interacting with the field is necessarily along the c-
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axis of the cell, we expect more particles with their c-axis parallel to the field and thus we should 
observe more planes parallel to this axis in diffraction condition. This is the case for the (10-10) 
planes. Conversely, all the others planes, intercepting the c-axis such as the (10-11), (10-12) and 
(10-13) planes, are more frequently observed when the field is parallel to the sample surface. This 
statement should also be true for the (0002) planes. However, the frequency of observation of 
these planes is identical for both orientations of the electric field. This may be due to the 
uncertainty peculiar to the (0002) planes in the assignment of the diffraction points in the FFT 
images. Anyway, the conclusion of this statistical analysis is that the electric field amplitude is 
large enough so as to modify the particle orientation.  
The ultimate question is thus whether the electric field can enhance the OA process. To answer 
this question, a robust argument is to measure and compare the proportions of crystalline mono-
domains among the particles observed in samples deposited with and without the electric field. 
The proportion of the area related to nanoparticles that are oriented and attached is 54%, 54.7% 
and 55% for the samples deposited without electric field and with the planar and perpendicular 
fields, respectively. No significant difference is observed from a statistical point of view. These 
values are also in fairly good agreement with the value of 64 ± 4% obtained from the XRD 
analysis mentioned previously. We can thus rule out the possible influence of a dipole carried by 
the incident clusters on the OA. This important statement is in accordance with recent 
experiments and simulations.[32] In particular, the work of Li and co-workers[20] emphasizes the 
effect of surface reduction in liquids rather than dipolar interaction by in situ TEM analysis. Also 
the simulations from Schapotschnikow et al.[13] on PbSe nanocrystals and from Zhang and 
Banfield on several nanocrystals[32] go to show that the prominent mechanism is surface 
reduction and not dipolar interaction.  
 12
If we sum up the previous observations, we have established that OA occurs during the 
deposition of uncapped ZnO nanoparticles preformed in the gas phase in high vacuum, on the 
substrate (not the gas phase). The OA process does not occur selectively along the [0001] 
direction as predicted for standard conditions [32] at thermodynamic equilibrium. Besides, since 
the application of an external electric field does not improve the OA efficiency, we would rather 
believe that the observed OA results from the annihilation of unstable surfaces of adjacent 
particles. To explain these statements, we can consider a layer of ZnO nanocrystals deposited on 
a substrate (as depicted in figure 7) onto which other nanoparticles are subsequently impinging 
during the deposition. The deposition is obviously a process where the impinging nanoparticles 
are not free to move, rotate and choose the best orientation to attach (no thermodynamic 
equilibrium). However, when a subsequent cluster hits the already present nanoparticles, it 
transfers some kinetic energy which allows the deposited clusters to move and rotate for a very 
short period. During this time, the high Coulombic interaction between clusters (all the higher as 
they are at close range) can lead to rearrangement and to the oriented attachment of the two 
clusters if they are not initially too disoriented. In other words, we suspect the subsequent 
impinging clusters and buffer gas molecules to provide some extra energy and thus some degrees 
of freedom to the already present clusters; a freedom of motion which has been pointed out by Li 
and co-workers[20] in their study in liquids as a key parameter in the OA process.  
 
5. Conclusions 
In summary, we have studied the organization of ZnO nanocrystals preformed in the gas phase. 
We have observed that during the deposition in high vacuum about 60% of the particles, which 
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have uncapped surfaces, form larger crystals due to the OA process. In our conditions of 
deposition, no selective direction for the OA is noticed. To probe the driving force of the OA, and 
more precisely the possible influence of the dipolar interaction between particles, we have 
deposited the same nanocrystals in the presence of a constant electric field. The expected effect 
was to enhance the fraction of domains resulting from the OA due to the increased interaction 
between the particle dipoles and the electric field. Despite the proof that the electric field 
orientation controls the particle orientation, no significant effect has been observed. We thus 
conclude and confirm in accordance with recent theoretical and experimental investigations on 
other iono-covalent systems that the dipolar interaction between nanocrystals is probably not a 
prominent driving force in the OA process. Rather, the surface reduction, possibly driven by 
Coulomb interaction, is the main mechanism for the OA. This statement is a major fact in order 
to control the growth of super-architectures and mesostructures from initial nanocrystals. 
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Figure captions : 
Figure 1: scheme of the experimental set up used to apply the static electric field during the 
deposition of the clusters. The field is constant, amounting to 5 MV/m (a 5kV bias across a 1 mm 
gap). D stands for the dipole carried by the nanoparticles. Two configurations with the electric 
field parallel or perpendicular to the sample have been used. The corresponding maps of field 
intensity are presented on the right part. 
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Figure 2: Top left: bright field TEM image of the as-deposited ZnO clusters and the 
corresponding size distribution function (inset). Bottom left: bright TEM image and size 
distribution function (inset) of the ZnO clusters dispersed in MgO matrix. Top and bottom right: 
two examples of HRTEM images of individual clusters. The particles are perfectly crystallized in 
the wurtzite structure, as evidenced by the FFT of the images. The particles of the top and bottom 
right panels have their zone axis oriented along the [01-10] and [0001] directions respectively.   
 
 
 
 
 
10 nm 
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Figure 3: XRD spectra of the ZnO clusters assembled film (top) and of the same clusters 
dispersed in a MgO matrix (bottom). The spectrum of the cluster assembled film presents two 
distinct contributions, one identical to that of the clusters dispersed in MgO with broad peaks 
characteristic of small crystalline domains and a second one with sharp peaks indicative of large 
crystalline domains. The sharp contribution amounts to 64% of the overall spectrum. 
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Figure 4: a) a typical large crystalline domain resulting from the OA of several initial small 
clusters. The arrows labeled with numbers 1 to 4 precise the extension of the domain; b) 
crystalline domain resulting from the OA of two distinct clusters. The [0001] direction is 
indicated by the arrow. A small mismatch of the reticular planes can be seen; c) two attached 
particles. The arrow highlights the attachment plane; d) other example of several particles 
attached to form a larger faceted domain. On the top left part of the image, a small particle 
attached to the large cluster can be distinguished; e) three attached particles. The facets of the 
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particles are indicated by dotted lines; f) Two examples of twin boundaries resulting from the 
oriented attachment of ZnO nanocrystals. The yellow dotted lines indicate the locations of the 
twin boundaries; h) several particles forming a large crystalline domain. The fact that the domain 
results from the attachment of several particles is evidenced by the contour of the domain. Note 
that the particle labeled 3 is not in perfect match with particle 2. i) HRTEM image of several 
crystalline domains resulting from the OA: a large domain spans from point 1 to point 2 and from 
point 3 to point 4. The fact that it results from the attachment of several particles is observable by 
the slight variations of the yellow line running from point 3 to point 4. The same statement holds 
for the domain spanning from point 5 to 6. Eventually, in the particle labeled by point 7, the 
mismatch of the oriented attachment has resulted in an edge dislocation. 
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Figure 5: a) HRTEM image of several crystalline domains resulting from the OA (top left). The 
distinct domains are visible on the images reconstructed from the filtered FFT image ( b) to e)). 
The arrow highlights the direction of the domain extension. The crystalline domain in b) is 
extended along the (10-10) diffracting planes. On the contrary, the domain in c) is extended 
perpendicularly to these planes, suggesting that the OA is not selectively oriented in our 
experiments; d) and e) are domains with their (1100) and (10-11) planes in the Bragg diffraction 
condition. In d) the domain extension is perpendicular to the (1100) planes while it is 
perpendicular to the [10-11] direction in e). 
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Figure 6: effect of the electric field orientation on the particle orientation: fraction of diffracting 
particles, either individual or attached, for which we can observe a given {hkl} reticular plane 
family in diffraction condition. Full bars: field perpendicular to the sample, striped bars: field 
parallel to the sample. 
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Figure 7: proposed scheme of the OA process occurring during the deposition of clusters 
preformed in the gas phase: a) particles 1 and 2 are already deposited, touching but not oriented. 
Particle 3 is arriving from the cluster beam. b) Upon impinging, particle 3 releases some kinetic 
energy to the other particles. This energy excess sets them free from the substrate interaction and 
their mutual interaction. Particles 1 and 2 are free to move and explore several configurations of 
orientation for a short period of time. If, during this period, they find an orientation of 
attachment, leading to the reduction of surface, OA will be promoted. c) Particles 1 and 2 are 
now oriented and attached while particle 3 has landed on the substrate.  
1 
2 
3 
1 2 
3 
3 
1 
2 
c) 
b) 
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